End-stage organ fibrosis generates formidable social, economic and personal costs. In the modern era, organ fibrosis is an important cause of patient morbidity and mortality. A better understanding of disease pathogenesis may lead to more effective therapies aimed at preventing or reversing the scarring process.
Diseases characterized by progressive fibrosis, especially those of late onset, are complex and difficult to study. Many represent a heterogeneous collection of disorders with imprecise classification criteria and overlapping clinical presentations. Environmental triggers of disease may be obscure or difficult to quantify. In the absence of gene-environmental studies (such as family-based monozygotic and dizygotic twin studies), estimates of genetic and environmental contributions to disease phenotypes and the interactions between the two are difficult to partition and quantify. Most patients with adult-onset organ fibrosis do not have an affected family member. For these sporadic patients, weaker genetic risk alleles contribute to the pathogenesis of fibrosis. Less commonly, patients have similarly affected family members and share more highly penetrant genetic risk alleles. However, even in family studies, locus heterogeneity, reduced penetrance, and lack of parental samples present obstacles to gene discovery.
Advances in genetics have increased the ease and decreased the cost of identifying genetic differences that contribute to disease susceptibility. High-throughput, "next-generation" technologies make it possible to sequence entire human genomes, allowing for the identification of many new genetic variants that contribute to organ fibrosis. Genetic variants are subclassified by their frequency in the general population. Variants that are found with an allele frequency greater than 1% are classified as "common." Most common variants linked to fibrotic diseases by genome-wide association studies (GWAS) are located in noncoding regions of the genome. Genetic variants that occur at lower frequencies are termed "rare." Although rare variants are individually uncommon, they represent the larger class of genetic variants. Over 99% of variants have a frequency of less than 1%, and over half have been found only once in a large population database (1) . Tools that compare evolutionarily conserved sequences and predict how changes in protein coding sequences affect folding or function are used to predict pathogenicity. While an understanding of the functional effect of a genetic variant may be initially elusive, these studies yield rich information regarding the inherited pathophysiology of fibrosis.
This Review focuses on biologic pathways implicated by human genetic studies of pulmonary fibrosis. The prototypic lung disease characterized by progressive fibrosis is idiopathic pulmonary fibrosis (IPF). This disorder affects older adults and results in the replacement of lung parenchyma with a dense extracellular matrix (2) . The mechanisms responsible for the development of fibrosis in the lung can be generalized to diseases that lead to fibrosis of other organs ( Figure 1) . Fibrosis involves many different cell types and leads to a cascade of maladaptive responses that ultimately results in activated myofibroblasts, deposition of extracellular matrix proteins, aberrant remodeling, and organ failure (Figure 2) . Thus, genetic studies provide an entry point for investigating complex downstream mechanisms that lead to tissue fibrosis.
Genetic variants associated with lung fibrosis
Telomere-shortening or DNA damage response-activating genetic variants. Genetic alterations that lead to shortened telomere lengths or the activation of the DNA damage response can result in fibrosis.
Family-based studies first demonstrated the unanticipated link between pulmonary fibrosis and telomere shortening. Subsequent studies have affirmed the central role of this mechanism in a wide spectrum of lung diseases. Overall, rare pathogenic DNA variants in telomere-related genes are found in about one-fourth of famil-one or more of the telomere ends becomes sufficiently short or dysfunctional to trigger a DNA damage response (15) (16) (17) .
The gene defects in telomerase (TERT, TERC) were first described in kindreds in whom pulmonary fibrosis segregated in an autosomal dominant pattern with incomplete penetrance (18, 19) . More recently, rare variants in RTEL1, which encodes a helicase that can unwind the G-quadruplex and T-loop secondary structures at the telomere end, and PARN, which encodes for an enzyme that removes oligo(A) tails from precursor RNAs including TERC (20) , have been discovered in familial pulmonary fibrosis kindreds (3, 21, 22) . Pathogenic rare variants in these genes are highly represented in familial and sporadic cohorts, as they are found above genome-wide significance thresholds (3, 4) . Rare, likely damaging variants in TERT, RTEL1, and PARN occur with large effect sizes (odds ratio 23-97) (4). Case reports have implicated other genes in the telomere-related pathway. These include genes that affect the biogenesis of telomerase (DKC1, NAF1) or the integrity of the telomere end (TINF2) (23) (24) (25) (26) . All pathogenic ial (3) and one-tenth of sporadic IPF patients (4) . Fibrosis of other organs, especially the liver (cirrhosis) and bone marrow (myelofibrosis), may be seen in isolation or in conjunction with pulmonary fibrosis in patients with telomere-related gene mutations (5) (6) (7) (8) (9) .
Telomeres are the specialized ends of chromosomes composed of stretches of repetitive DNA sequences (5′-TTAGGG-3′ in vertebrates). Standard DNA polymerases cannot completely replicate chromosomes to their distal ends, a phenomenon known as the end replication problem. Telomerase, composed of a catalytic protein component (encoded in the human by the TERT gene) and an RNA template (TERC), solves the end replication problem by directly adding telomeric DNA repeats to the ends of the chromosomes (10, 11) . Most cells do not express telomerase, or they express it at levels so low as to be undetectable. In contrast, cancer cells and germ cells express TERT at high levels, leading to telomere elongation and cell immortality (12, 13) . Cells lose up to several hundred base pairs of telomeric DNA with each cycle of replication (14) . If telomerase expression is limited, after multiple rounds of cell division (39) . An excess of rare variants in the telomere genes has been reported in patients with rheumatoid arthritis-associated ILD, suggesting that telomere-related genetic susceptibility may promote this extra-articular fibrotic manifestation (40) . Notably, deleterious mutations in TERT have been found in 1% of smokers with severe emphysema (41) .
Telomere length, measured from genomic DNA isolated from blood leukocytes, is a biomarker that predicts survival characteristics of sporadic IPF patients (42) . Only approximately 10% of sporadic IPF patients carry a rare qualifying variant in a telomererelated gene (4), yet a much higher percentage (25%-50%) have age-adjusted telomere lengths below the 10th percentile (43, 44) . Shorter age-adjusted telomere lengths correlate with reduced overall and lung transplant-free survival. These associations are independent of usual clinical predictors. As has been seen in IPF, shorter telomere lengths predict worse survival for patients with chronic hypersensitivity pneumonitis (another specific type of ILD) after adjustment for age, sex, and baseline pulmonary function (45) .
Proper telomere capping requires a group of proteins, collectively termed the shelterin complex, that prevent the telomere end from activating the DNA damage response (46) . Uncapped telomeres activate signaling cascades that lead to cell cycle arrest and cell senescence (17, (47) (48) (49) . While the initial studies of TERT-KO mice did not show an increase in susceptibility to bleomycininduced lung fibrosis (50, 51) , a more recent study demonstrates that short telomere lengths synergize with bleomycin to induce lung fibrosis in telomerase-deficient mice (52) . Deletion of the shelterin protein TRF1 (telomeric repeat-binding factor 1) leads to an immediate and persistent DNA damage response at chromosome ends, cellular senescence, and proliferative defects (53, 54) . Acute conditional deletion of TRF1 from epithelial type II alveolar cells leads to an influx of inflammatory cells (macrophages, polymorphonuclear leukocytes, lymphocytes) and collagen deposition in the absence of telomere shortening (52) , suggesting that DNA damage, and not telomere shortening, is the key driver of lung fibrosis in this model. After 3 to 9 months, deletion of TRF1 from rare variants lead to alterations in protein function, as measured by decreased telomerase catalytic activity (18, 19, 27) , decreased telomerase processivity (28) , increased aberrant T-circle formations (21) , and short telomere lengths (3, 18, 19, 21, 22, (23) (24) (25) (26) (27) .
Whereas patients with adult-onset pulmonary fibrosis are heterozygous for pathogenic variants, some pediatric patients with dyskeratosis congenita or Hoyeraal-Hreidarsson syndrome have been described with biallelic mutations in TERT, PARN, and RTEL1 (20, (29) (30) (31) (32) . This 2-fold genetic burden leads to presentations of a characteristic triad of oral leukoplakia, skin hyperpigmentation, and nail dystrophy. These patients also have bone marrow failure, short stature, intrauterine growth retardation, developmental delay, cerebellar hypoplasia, dental caries, osteoporosis, esophageal strictures, enterocolitis, liver dysfunction or cirrhosis, immunodeficiency, and premature hair graying (33) . Individuals with these syndromes reflect a phenotypic extreme, with more severe phenotypes affecting multiple organ systems and manifesting at a young age ( Figure 3 ).
In contrast, familial pulmonary fibrosis typically presents with lung fibrosis between 40 and 60 years of age (34) . In these families, incomplete penetrance of pulmonary fibrosis is the rule, although a personal or family history of the less severe short telomere phenotypes (macrocytosis, thrombocytopenia, premature graying of hair, liver disease) is frequently observed (34) (35) (36) . In some families, older generations demonstrate adult-onset symptoms and younger generations display dyskeratosis congenita phenotypes. The onset of more severe phenotypes occurring at an earlier age in affected individuals in subsequent generations (genetic anticipation) is due to progressive telomere shortening (37) .
Telomere shortening is a mechanism that has relevance to many different lung diseases. Interstitial lung diseases (ILD) define a very large and heterogeneous collection of over 100 separate lung diseases presenting with similar clinical, physiologic, and radiographic characteristics. The relevance of a telomere-centric mechanism underlying a wide spectrum of ILDs is illustrated by the finding that common variants near genes with telomererelated function (TERT, TERC, OBFC1) occur above genome-wide significance in patients with various fibrotic idiopathic interstitial pneumonias (38) . Approximately one-half of all patients with IPF has been demonstrated in independent cohorts from different geographic locations and composed of patients of different ethnicities (38, (61) (62) (63) (64) (65) (66) . It is more strongly associated with IPF than ILD secondary to other causes (63, 64, 66) . The variant is also associated with subclinical radiographically apparent pulmonary fibrosis, which is hypothesized to be an early form of IPF, in large population cohorts (67) . IPF patients with the MUC5B risk allele have improved survival in independent cohorts after adjustment for age, sex, baseline lung function, and treatment (68) . The MUC5B risk variant is also associated with increased expression of mucin in the lung (60) . MUC5B is highly expressed in mucus-secreting cells of the distal airways and epithelial cells lining the honeycomb cysts in patients with IPF (69) .
Another common variant associated with IPF is located within an intron of the gene encoding desmoplakin (DSP) (38) . Like MUC5B, desmoplakin is highly expressed in airway epithelial cells. But in contrast with the MUC5B risk allele, the diseaseassociated DSP SNP is associated with decreased protein expression, implicating a mechanism involving altered cell-cell adhesion and epithelial barrier function (70) .
Pathogenic variants in SFTPB, SFTPC, and SFTPA1/2, which respectively encode the surfactant proteins SP-B, SP-C, and SP-A1/2, were among the first variants to be associated with various lung diseases (71) . Surfactant proteins are almost exclusively expressed by type II AECs. In rare case reports, heterozygous variants in SP-A1 or SP-A2 cosegregate with pulmonary fibrosis and adenocarcinoma and are implicated in defective posttranslational modification and secretion of SP-A from type II AECs (72) (73) (74) . Over 40 different pathogenic SP-C variants have been described, although a single variant, Ile73Thr, predominates and represents approximately 25%-35% of abnormal alleles (75) (76) (77) . These variants lead to protein misfolding, increased ER stress, activation of the unfolded protein response, and cell toxicity (78) . Transgenic expression of the pathogenic SP-C variant Leu188Gln in mouse type II AECs leads to increased sensitivity to bleomycininduced lung fibrosis (79) .
There are many other examples of organ fibrosis due to genetic defects in intrinsic proteins. Variants in over 100 different genes cause various subtypes of cardiomyopathies (dilated, hypertrophic, restrictive, arrhythmogenic right ventricular, and others) (80, 81) . Defective liver proteins lead to autosomal recessive forms of cirrhosis, such as α 1 -antitrypsin disease, Wilson's disease, hereditary forms of hemochromatosis, progressive familial type II alveolar epithelial cells (AECs) results in epithelial cell turnover, shorter telomere lengths, and lung remodeling characterized by collagen deposition and accumulation of senescence-associated β-galactosidase-positive cells (55) . The development of pulmonary fibrosis in older TRF1-deficient mice apparently occurs spontaneously and without a precipitating injury, such as exposure to cigarette smoke or bleomycin, suggesting that the genetic alteration is sufficient to drive lung fibrosis in older animals.
Other rare monogenic diseases that activate the DNA damage response also result in organ fibrosis. RIDDLE syndrome is an autosomal recessive disorder due to mutations in RNF168, which encodes an E3 ubiquitin ligase that mediates double-stranded DNA break repair. RNF168 promotes ubiquitination of proteins that mediates accumulation of repair factors at the site of DNA double-stranded breaks (56) . This disorder is characterized by radiation sensitivity and adult-onset pulmonary fibrosis accompanied by immunodeficiency, learning difficulties, dysmorphic features, and short stature (57) . More recently, RNF168 has been implicated in shelterin TRF2-mediated protection of telomere ends (58) . Fanconi anemia protein 1 (FAN1) is recruited to DNA intrastrand cross-links and interacts with other proteins to repair DNA breaks. Mutations in this gene cause karyomegalic interstitial nephritis, a rare form of progressive tubulointerstitial fibrosis that culminates in end-stage renal disease (59) .
Genetic variants affecting resident protein expression or function. Certain alterations of intrinsic proteins lead to cellular damage and organ fibrosis. Cystic fibrosis, the autosomal recessive disease caused by mutations in the gene encoding the cystic fibrosis transmembrane regulator (CFTR), is the archetypal example. Alterations of airway mucus due to CFTR defects trigger a cascade of pathogenic mechanisms that ultimately lead to severe bronchiectasis, lung fibrosis, and respiratory failure (discussed below). Other organs affected by this disease include the male genital tract, sweat gland, pancreas, intestine, and hepatobiliary system.
The most strongly associated and the most widely replicated common variant linked to IPF is a single-nucleotide polymorphism (SNP; rs35705950) in the promoter of the gene encoding MUC5B, a large, highly glycosylated component of mucus. Individuals with this variant have an increased predisposition for developing sporadic or familial IPF. Individuals homozygous for the MUC5B risk allele have a greater risk for developing pulmonary fibrosis (odds ratio 21-22) than those who are heterozygous (odds ratio 7-9) (60). The association between the MUC5B rs35705950 SNP and Figure 3 . Distribution of phenotypic variation implicates multiple different alleles and roles of environment and aging. Extreme phenotypes, such as those that are seen in patients with Mendelian disorders, occur with an earlier onset and demonstrate more rapid progression. Individuals with familial aggregation of fibrosis phenotypes show not only enrichment of pathogenic rare variants, but also effects from common variants. Environmental factors influence the spectrum of phenotypes and include direct physical or cellular injury, infection, inflammation, and nutritional effects. Aging likely influences fibrosis through genomic-independent and -dependent mechanisms. Protective genetic variants are uncommonly identified but provide information regarding forces that balance disease susceptibility factors.
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Pathogenic signaling pathways
Identification of linked genetic variants provides the first step in the long process of investigating the underlying mechanisms leading to fibrosis. Sometimes, these mechanisms are obscure and require animal models developed decades after the initial gene discovery. Regardless of the underlying genetic mutation, fibrosis results from activation of a number of different downstream maladaptive responses (Figure 2 ). These involve both cell-autonomous changes within the cells directly affected by the genetic mutation, and nonautonomous changes in cells affected by perturbations in cell signaling or the extracellular milieu. Even if only a restricted population of cells is affected by the pathogenic variant or variants, its effects may spill over into overlapping and interacting pathways of cell injury, inflammation, and fibrosis. Uncovering the diverse molecular mechanisms downstream of a particular pathogenic variant provides new insights into fibrosis. Examples of genetic variants linked to inherited pulmonary fibrosis that lead to telomere shortening, activation of the DNA damage response, cellular senescence, ER stress, and the unfolded protein response are discussed above. Other genetic defects illustrate additional dysregulated signaling pathways that lead to tissue fibrosis. For example, a missense mutation in platelet-derived growth factor receptor B (PDGFRB) leads to ligand-independent constitutive signaling of the PDGFR through STAT3 and PLCγ and causes Penttinen syndrome, an autosomal dominant disease with premature aging, digital contractures, and hyperkeratotic scars (99) . Missense mutations in the gene encoding fibrillin (FBN1), clustered in the integrin-binding domain, cause stiff skin syndrome, an autosomaldominantly inherited, congenital form of scleroderma (100). These mutations lead to excess extracellular deposition (fibrillin, elastin) and increased TGF-β signaling in the dermis. Fibrosis is also a dreaded consequence of autoimmune disease. Tissue fibrosis results from a complex interplay between genetic predisposition, activation of the innate and adaptive immune systems, unbridled inflammation, metamorphosis of fibroblasts into myofibroblasts, and secretion of excessive extracellular matrix proteins (101) . Genetic variants within the HLA genomic region predispose to a variety of autoimmune diseases (102) . Recent discoveries have uncovered two new unanticipated links between non-HLA loci, autoimmunity, and dysregulated intercellular signaling. Autoimmune interstitial lung, joint, and kidney disease is a rare syndrome affecting children and young adults that is characterized by high-titer autoantibodies, lymphocytic lung infiltrates, inflammatory arthritis, and renal disease. Patients with heterozygous mutations in the coatomer subunit α (COPA) gene demonstrate impaired retrograde Golgi-to-ER transport, upregulation of Th17 cytokines, and increased lung infiltration of CD4 + T cells and CD20 + B cells (103) . Another recently described disorder, STING-associated vasculopathy, presents in infancy and leads to severe ulcerative skin lesions, lung involvement ranging from radiographic abnormalities to fibrosis, arthritis, autoantibodies, and immune complex deposition (104, 105) . All cases are due to heterozygous gain-of-function variants in the TMEM173 gene that lead to stimulation of interferon genes and activation of STAT1.
Two major drivers of fibrosis in the lung are chronic respiratory infections and persistent inflammation. Both can lead to intrahepatic cholestasis, and inborn errors of metabolism (82) . A common missense allele (Ile148Met) of a lipid droplet-associated triglyceride lipase (PNPLA3) confers susceptibility to fatty liver disease and risk of liver cirrhosis (83) . Medullary cystic kidney disease associated with heterozygous rare variants in MUC1 and UMOD leads to chronic tubulointerstitial kidney disease and endstage renal disease (84, 85) .
Genetic variants affecting organelle function. Some genetic variants that cause fibrosis directly affect organelle function. The lamellar body is a key organelle within type II AECs that mediates the packaging and secretion of pulmonary surfactant. The A3 member of the ATP-binding cassette family of transporters (ABCA3) is localized to the membranes of lamellar bodies and facilitates transport of lipids, especially phosphotidylcholine, across the lamellar membrane. Mutations in ABCA3 can present in the neonatal period with respiratory distress or later in life as interstitial lung disease (76) . ABCA3-deficient children and mice lack normal lamellar bodies, implicating a role for this protein in lamellar body biogenesis (86) (87) (88) (89) .
Pulmonary fibrosis is a feature of Hermansky-Pudlak syndrome, an autosomal recessive disease caused by defective lysosome-related organelles and disrupted trafficking of vesicular cargo proteins. This disease is also characterized by ocular albinism and platelet dysfunction (90) . Patients with pulmonary fibrosis have evidence of giant lamellar body degeneration, thus linking lysosome function with lamellar body integrity. Lung fibrosis is seen most frequently in patients with HPS1 mutations, and less frequently in those with HPS2 or HPS4 mutations. Mice homozygous for both Hps1/2 mutations have abnormal type II AEC lamellar bodies and demonstrate spontaneous fibrosis at 9 months (91). More recently, mouse models have highlighted the central role of epithelialmacrophage interactions in leading to lung fibrosis (92, 93) .
Congenital fibrosis of the extraocular muscles is a disorder that prevents the normal development and function of muscles that control eye movement. Patients may have difficulty looking upward or to the side or have misalignments of the eyes (strabismus) or ptosis of the upper eyelid. Mutations in genes important for cranial nerve development (PHOX2A), and those important for microtubule function (KIF21A, TUBB3), lead to fibrosis of the extraocular muscles (94) (95) (96) . Mutations in these genes highlight the importance of the microtubule organelle in the pathogenesis of eye muscle fibrosis.
Nephronophthisis is the most common monogenic form of end-stage renal disease affecting children. It represents a type of ciliopathy characterized by degeneration of the tubular basement membrane, interstitial fibrosis, tubular atrophy, and cysts at the corticomedullary junction. The ciliopathies, which include a wide range of malformation and degeneration phenotypes affecting the kidney, eye, cerebellum, and liver, are all caused by disruption of the cilium-centrosome complex, which serves as a detection system for external signals (97) . Defects in this organelle lead to activation of multiple different downstream signaling mechanisms, including planar cell polarity, Wnt, sonic hedgehog (SHH), focal adhesion signaling pathways, and cell cycle regulation. Mutations in three genes (MRE11, ZNF423, and CEP164) encoding proteins that colocalize to sites of DNA damage link certain ciliopathies with activation of the DNA damage response (98).
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tissue destruction and pulmonary fibrosis. When both infection and inflammation are the sequelae of a genetic mutation, the pathophysiologic pathways leading to fibrosis can be difficult to dissect and untangle. The recent development of a new piglet model of cystic fibrosis finally solved a more-than-20-year-old puzzle (106) (107) (108) . Using the piglet model, Welsh and his colleagues showed that bacterial infection of the airway precedes lung inflammation, tissue remodeling, and lung fibrosis. The reduced chloride and bicarbonate secretion in this model leads to an acidic airway-surface liquid that impairs bacterial killing and reduces mucociliary transport. These findings directly link CFTR function to mucosal host defense. The diseased airway epithelium demonstrates constitutive activation of NF-κB, dysregulated TLR4 signaling, altered regulation of type I interferon gene products, increased oxidative stress, and exaggerated inflammation, which all contribute to fibrosis (109) . Common variable immunodeficiency syndromes lead to recurrent sinopulmonary infections and sequelae of bronchiectasis, pneumatoceles, lung fibrosis, and chronic respiratory failure. The immunodeficiency syndromes can lead to dysregulation of the immunoregulatory environment with paradoxical increases in inflammatory cell infiltrates in the lung. This is a very genetically heterogeneous group of disorders. A few illustrative examples of rare Mendelian disorders illustrate the coexistence of immunodeficiency and exaggerated inflammation that result from a single germline mutation. Autosomal dominant hyper-IgE syndrome is due to heterozygous variants in the STAT3 gene, leading to failure of proper differentiation of native T cells into Th17 cells, elevated IgE, eosinophilia, recurrent staphylococcal infections, and a number of nonimmune features, including retained primary teeth, scoliosis, joint hyperextensibility, bone fragility, and vascular abnormalities (110, 111) . Cytotoxic T lymphocyte antigen 4 (CTLA4) is a key negative regulator of the immune system. Heterozygous loss-of-function mutations in CTLA4 cause immunodeficiency, recurrent respiratory infections, lymphocytic infiltrates, including granulomatous-lymphocytic ILD in the lung, and autoantibodies (112, 113) . X-linked reticulate pigmentary disorder presents in childhood with immunodeficiency, recurrent pneumonias, bronchiectasis, diffuse skin hyperpigmentation, and a variety of other fibrotic phenotypes (corneal scarring, urethral strictures). The disease is caused by an intronic mutation that disrupts expression of the catalytic subunit of DNA polymerase-α (POLA1), which leads to decreased RNA:DNA hybrid synthesis and persistent activation of the type I interferon pathway (114) . In all of these cases of an inherited immunodeficiency syndrome, the pathophysiology of fibrosis is due to both recurrent pulmonary bacterial infections and an exaggerated inflammatory response.
Other insights in human fibrosis
Organ fibrosis is related to a complex interplay between intrinsic susceptibility and exposure to injury ( Figure 3 ). As many of the above examples have illustrated, rare pathogenic variants are substantially enriched in patients with earlier-onset, more rapidly progressive, and severe disease. Although environmental injuries may be difficult to quantitate over the entire patient lifespan, they influence the organ-specific manifestations of fibrosis, even for those with rare Mendelian disorders. Population-based and genetically defined at-risk cohorts demonstrate a higher penetrance of pulmonary fibrosis associated with smoking and various inhaled "fibrogenic" exposures (27, 115, 116) . Bone marrow transplant conditioning regimens are precipitants for pulmonary fibrosis in younger patients with dyskeratosis congenita (117, 118) . Environmental injuries may take a variety of forms. In the case of liver cirrhosis, interactions between the PNPLA3 variant and ethanol ingestion or obesity promote the variant's link to the development of liver fibrosis (119, 120) .
Aging also contributes to the phenotypic spectrum of organ fibrosis in a number of different ways. Some of its effects are dependent on genomic changes, such as telomere shortening, accumulation of somatic variants, and alterations in epigenetic marks. These result in cell senescence, loss of self-renewing stem cells, and diminished tissue repair. Aging also leads to dysfunctional mitochondria and increased oxidative stress. Epidemiologic studies of IPF consistently demonstrate a significant stepwise increase in the disease with advancing age, which is inversely associated with survival (121, 122) .
Genetics has a role in revealing forces that provide selective advantages to normal and diseased populations. The high frequencies of the mutant CFTR alleles may have allowed heterozygotes to be more resistant to deleterious effects of cholera-or lactose-induced diarrhea (123) . Similarly, the high frequency of the MUC5B risk variant in populations susceptible to developing IPF (allele frequency of approximately 9% in the non-Hispanic white population) may be due to positive natural selection related to its indispensable role in maintaining immune homeostasis through mucociliary clearance of particulates and pathogens out of airways (124) .
Somatic genetic variants, which are acquired over time, may provide an explanation for variable expressivity of phenotypes. Skewed X-inactivation, revertant mosaicism, and clonal hematopoiesis can be seen in patients with dyskeratosis congenita (125) (126) (127) . In these cases, the somatic change results in the correction or deletion of the pathogenic allele. Mutations in the promoter of the TERT gene are some of the most common genetic alterations found in human cancers and occur very frequently in bladder cancer, melanoma, and glioblastoma (128) . Approximately 5% of older adults with germline heterozygous TERT coding mutations have acquired one of two different TERT promoter mutations linked in cis with the wild-type allele in somatic blood leukocytes (129) . As the promoter mutations lead to increased TERT activity, increased cellular proliferation, and clonal survival, their presence in blood leukocytes may be protective for the bone marrow failure or immunodeficiency phenotypes associated with telomerase insufficiency. Thus, compensatory somatic variants reveal selective forces that counteract germline disease mutations.
In contrast with pigs and humans, mice with a Cftr deletion do not develop cystic fibrosis lung disease (130) . This difference stems from decreased expression of the gene encoding the nongastric H + /K + adenosine triphosphatase (ATP12A) in mouse airways, resulting in minimal acidification of the airway surface liquid and an intact mucosal host defense (131) . Inhibition of this transporter leads to improved mucosal properties in human and pig epithelia, and, conversely, expression of the transporter in mouse airways leads to airway acidification and increased num-jci.org Volume 128
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ber of bacteria in the lung. Thus, the lack of ATP12A expression is a protective factor in the pathogenesis of cystic fibrosis and provides a molecular explanation for species-specific difference in the expressivity of lung disease. Importantly, ATP12A provides another potential target for the amelioration of lung disease associated with cystic fibrosis. Merging quantification of genetic and environmental risks with age will refine estimates of patient susceptibility to fibrosis. Although age and genetic risks cannot be readily altered, modification of environmental exposures, especially in individuals with a high genetic risk, may potentially delay or prevent organ fibrosis. Interventions that therapeutically target the cascade of maladaptive responses triggered by genetic mutations will lead to improved clinical outcomes. Thus, genetics offers cogent insights into strategies for risk stratification, prevention, and treatment of organ fibrosis.
